Background and Aims Viola tricolor L. (heartsease, wild pansy) is a valuable medicinal plant obtained for pharmaceutical purposes by cultivation. Given that the species is usually strongly colonized by arbuscular mycorrhizal fungi (AMF), we tested in a pot experiment whether these microorganisms were able to influence V. tricolor mass, vitality, and the concentrations of selected elements, phenolic acids and flavonoids. Methods The following treatments were prepared: (1) control: sterile soil without AMF inoculation; (2) Rhizophagus irregularis BEG144; (3) Funneliformis mosseae BEG12; and (4) both isolates. Using a combination of physiological, phytochemical and biophysical methods, we evaluated the effects of these AMF on the performance of heartsease. Results The intensity of mycorrhizal colonization and arbuscule formation was higher when F. mosseae and R. irregularis were introduced separately than when both isolates were present. None of the AMF treatments had an impact either on V. tricolor vitality as expressed by photosynthetic performance index (PI) or on its shoot and root mass. However, in general, a negative correlation was found between the extent of mycorrhizal colonization and shoot mass. We found AMF species specificities in their influence on element, phenolic acid and flavonoid concentrations. Viola tricolor showed no response to F. mosseae. The plants inoculated with R. irregularis had higher concentrations of P, Zn, Mg, and Ca, as well as p-hydroxybenzoic acid and rutin, in comparison to control. Dual AMF species inoculation increased concentrations of Cu, Mg and rutin. Conclusions The enhanced production of secondary metabolites in V. tricolor shoots may be due to improved mineral nutrition by AMF and/or a result of general plant defense reaction to fungal colonization. The tendency towards biomass decrease in AMF treatments could be explained by the allocation of plant carbon both to the maintenance of symbionts and enhanced production of secondary compounds.
2009). To meet the increasing demand for plants utilized in the herbal industry, recent research has emphasized the development of new techniques to improve the quality and quantity of plant material obtained from agricultural production. These techniques to enhance the biomass and standards of medicinal plants may include the proper management of indigenous arbuscular mycorrhizal fungi (AMF) and the inoculation of plants with AMF during cultivation (Gianinazzi et al. 2010; Zeng et al. 2013) . AMF have been found to stimulate growth, improve resistance to pathogens, heavy metals and salinity, and influence the level of secondary metabolites in plants (Smith and Read 2008) . The use of these symbiotic soil microorganisms has therefore been proposed for medicinal plant species (Ceccarelli et al. 2010; Copetta et al. 2006; Kapoor et al. 2002a Kapoor et al. , b, 2007 Khaosaad et al. 2006; Rozpądek et al. 2014; Sbrana et al. 2014; Toussaint 2007; Toussaint et al. 2007 Toussaint et al. , 2008 Zubek et al. 2010 Zubek et al. , 2011 Zubek et al. , 2012a .
Viola tricolor L. (heartsease, wild pansy; Violaceae) is a common annual or biennial plant, indigenous to Eurasia (Valentine et al. 1968) , with reputed medicinal value; the species is included in the European Pharmacopoeia (2014) and other pharmaceutical monographs (Wichtl 2004; Evans 2009 ). The shoots of V. tricolor contain, e.g., salicylic acid and its derivatives, other phenolic carboxylic acids, flavonoids, mucilage and tannins (Wichtl 2004) . The flowering aerial parts of heartsease have been utilized to treat various skin disorders and upper respiratory problems, and have also been used as a diuretic (Senderski 2007; van Wyk and Wink 2008) . In recent studies, the species was found to exhibit antioxidative activity (Vukics et al. 2008) and to exert cytotoxic effects on human cancer cell lines (Svangard et al. 2004) . Formerly, for pharmaceutical purposes the plant was collected only in the wild, but to meet increasing demand for raw material for the herbal industry, the species has been cultivated through its introduction into agriculture (Senderski 2007; van Wyk and Wink 2008) . Furthermore, the data in the literature indicate that V. tricolor is usually strongly colonized by AMF (Wang and Qiu 2006; Zubek and Błaszkowski 2009; Słomka et al. 2011) .
Given that AMF may enhance the standard and quantity of medicinal plants, the aim of the present study was to test in a pot experiment whether these microorganisms were able to influence V. tricolor mass, vitality, and the concentrations of selected elements, phenolic acids and flavonoids. The effects of AMF inoculation on heartsease were evaluated using physiological and phytochemical methods, namely biomass and mycorrhizal colonization assessment, HPLC measurements of secondary metabolites, and evaluation of the concentrations of elements, as well as a biophysical method known as JIP test. This test translates the polyphasic chlorophyll a fluorescence transient OJIP exhibited by plants upon illumination to the biophysical parameters of photosynthetic machinery, thereby evaluating the vitality of plants. It has been used successfully for the evaluation of the role of AMF inoculation on plants, including those of medicinal value (Jurkiewicz et al. 2010; Tsimilli-Michael and Strasser 2008; Zubek et al. 2010 Zubek et al. , 2012b . We hypothesized that V. tricolor mass, vitality, concentrations of elements and secondary metabolites would increase due to AMF inoculation. Moreover, given the existence of the selectivity and functional diversity in AM symbiosis (Helgason et al. 2002; Smith and Read 2008) , we also expected differences in the response of heartsease to the applied inocula.
Materials and methods

AMF inocula
Inocula applied in the experiment were: (1) (3) an inoculum composed of both isolates. The fungi were multiplied on a sterile substratum (sand: expanded lava rock: rock phosphate -3:1:50 g/L) using Plantago lanceolata L. as a host plant. Fresh inocula containing colonized P. lanceolata roots (more than 80 % of root length; no other fungi were present in the material), extraradical mycelia, and spores (ca. 15 spores per 100 g) were used in the experiment. For the control treatment, P. lanceolata was grown on a sterile substratum. No fungi were found in this material.
Plant material
The seeds of V. tricolor were obtained from the Institute of Natural Fibers and Medicinal Plants, Poznań, Poland.
They were germinated on wet filter paper in Petri dishes at room temperature in daylight.
Soil
The garden soil utilized in the experiment was obtained from the Botanical Garden of the Jagiellonian University. This soil is used for the cultivation of many plant species, including those of medicinal value such as V. tricolor.
The soil was analyzed for pH in aqueous solution. The total nitrogen in soil was determined by means of the Kjeldahl method on Gerhardt apparatus (Switzerland), and the organic carbon using the Tiurin method (Mocek and Drzymała 2010) . The content of organic matter was calculated by multiplying the organic carbon concentration value by 1.724. The assessment of plantavailable phosphorus (P 2 O 5 ) and potassium (K 2 O) concentrations were done after extraction with ammonium lactate acetic acid according to Egner et al. (1960) , using a spectrophotometer (Specol 11, Carl Zeiss, Germany) and flame photometer (Flapho 4, Carl Zeiss, Germany), respectively. The concentrations of calcium and magnesium cations were measured using the same flame photometer and spectrophotometer, respectively, in 1 N ammonium acetate. The concentrations of CaO and MgO were calculated by multiplying the values by 1.4 and 1.68, respectively (Mocek and Drzymała 2010) .
The chemical properties of the soil were: pH -7.45, N -0.19 %, C -2.44 %, C/N -13.23, organic matter -4.21 %, P 2 O 5 -5 mg 100 g . The soil was autoclaved twice for 30 min., with a one-week interval.
Experimental design
Week-old seedlings of V. tricolor were transferred into 1600-ml pots (7 cm high, 17 cm in diameter) filled with 1400 ml of autoclaved soil. Eight plants were planted per pot. The following treatments were prepared: (1) control: sterile soil without AMF inoculation; (2) R. irregularis BEG144; (3) F. mosseae BEG12; and (4) both AMF isolates. Fresh inocula (100 g/pot) were mixed with the soil. In the case of dual inoculum, 50 g of R. irregularis and 50 g of F. mosseae inocula were used. For the control treatment, 100 g of substratum with P. lanceolata non-mycorrhizal roots was added. In total, 20 pots were established, 5 repetitions per each , 12/12 h. The cultures were irrigated weekly with 200 ml of distilled water per pot.
After three months of V. tricolor growth, when the plants were in their flowering period, chlorophyll (Chl) a fluorescence measurements were conducted; then the plants were harvested. The roots and aboveground parts of V. tricolor were rinsed with deionized water. Onefifth of the roots in each pot were stained in order to visualize AMF mycelia for the mycorrhizal colonization assessment (see below). The shoots and remaining roots of each individual plant were dried at room temperature and used for the evaluation of biomass. They were weighed using an electronic analytical balance (Radwag, WPA 60/c/1) with a level of precision of 0.0001 g. The plants from each individual pot were then mixed. The shoots and roots were divided into two parts, one used for the measurement of phenolic acid and flavonoid concentrations and the other for element analysis (see below). In the case of evaluation of the plants' vitality, determination of AMF colonization, and measurement of phenolic acid and flavonoid concentrations, five repetitions were obtained in each treatment (N=5).
Evaluation of the plants' vitality
Measurement of Chl a fluorescence transient OJIP
Chl a fluorescence transients OJIP were measured with a Handy PEA fluorimeter (Hansatech Instruments Ltd., King's Lynn, Norfolk, UK). The measurements were conducted on fully expanded leaves, still attached to the plants, which were dark-adapted for 30 min prior to measuring. The measurements were performed as described by Strasser et al. (2004) and TsimilliMichael and Strasser (2008) . Ten measurements were performed on randomly chosen leaves of plants in each pot. The data from each individual pot were then averaged to finally obtain five repetitions per treatment.
JIP test
For each repetition sample (pot), the average OJIP fluorescence transients were analyzed according to the JIP test (Strasser et al. 2004) , with "Biolyzer" software (Laboratory of Bioenergetics, University of Geneva, Switzerland). The parameter chosen for presentation was performance index on absorption basis (PI ABS ), which evaluates overall photosynthetic performance. An analytical description of this parameter was given by Tsimilli-Michael and Strasser (2008) .
Determination of AMF colonization
Roots were stained according to the Phillips and Hayman (1970) protocol with minor modifications. After staining, the roots were cut into fragments of ca. 1 cm, then mounted on slides in glycerol:lactic acid (1:1, v:v) and analyzed using a Nikon Eclipse 80i light microscope with Nomarski interference contrast optics. Mycorrhizal colonization assessment was carried out according to the Trouvelot method (Trouvelot et al. 1986 ). The parameters analyzed were mycorrhizal frequency (F), relative mycorrhizal root length (M), absolute mycorrhizal root length (m), relative arbuscular richness (A) and absolute arbuscular richness (a).
The potential presence of other fungi in the investigated material was assessed using the staining and light microscopy methods detailed for AMF.
Extraction and measurement of phenolic acid and flavonoid concentrations
Phenolic acids and flavonoids in dry biomass (0.5 g of each sample) were quantified in methanol extracts (80°C, 2 h) and, after hydrolysis, 2 M aqueous HCl in 100°C for 1 h (Harborne 1998) . RP-HPLC analysis was conducted according to Ellnain-Wojtaszek and Zgórka (1999) on a Merck Hitachi liquid chromatograph (LaChrom Elite) equipped with a DAD L-2455 detector and Purospher RP-18e (250×4 mm/5 μm) column. Analyses were carried out at 25°C, with a mobile phase consisting of A -methanol, B -methanol : 0.5 % acetic acid, 1:4 (v/v), gradient elution: A (0:100 %), B (100:0 %), at a flow rate of 1 ml min
, λ=254 nm (phenolic acids), λ=370 nm (flavonoids). The concentrations of 11 phenolic acids, namely cinnamic, ferulic, gallic, gentisic, p-coumaric, p-hydroxybenzoic, protocatechuic, o-coumaric, salicylic, syringic and vanillic, were measured. Moreover, the concentrations of two flavonoids, rutin and vitexin, were assessed. The identification of the analyzed compounds was done through comparison of the retention times of the peaks with authentic reference compounds and cochromatography with standards. Quantification was done through measurement of peak areas with reference to the standard curves derived from five concentrations (0.03125 to 0.5 mg ml
−1
). Standards were obtained from Sigma-Aldrich (cinnamic, gallic, gentisic, o-coumaric, protocatechuic, salicylic, syringic, rutin, vitexin) and Fluka (p-coumaric, vanillic, ferulic, p-hydroxybenzoic) . The analysis of phenolic acids and flavonoids in roots failed due to the small amount of the material used for analyses as well as the low concentrations (below detection levels) of these secondary metabolites.
Measurement of element concentrations in plants
The root and shoot samples were dried at 80°C and then ground with a Pulverisette 14 variable-speed rotor mill (Fritsch, Germany). For the analyses, 0.5 g of each sample was used. The samples were mineralized in a mixture of suprapure concentrated HNO 3 (Merck) and suprapure HClO 4 (Merck) (4/1, v/v), using a hotplate (Foss Tecator Digestor Auto, Germany). The digestive was concentrated by evaporation to about 0.5 ml and then diluted with deionized water (17 mΩ) to a final volume of 10 ml. Total P was measured with the molybdenum-vanadate method on a Hach-Lange DR 3800 apparatus. Total N was determined according to the Kjeldahl method using a Kjeltec 2300 apparatus (Foss Tecator, Denmark). The concentrations of Cu, Zn, Fe, K, Na, Ca, and Mg were determined using a Fast Sequential Atomic Absorption Spectrometer 280 (Varian, Australia). Accuracy was verified using reference international interlaboratory moss samples M2 (Steinnes et al. 1997 ).
Statistical analysis
One-way analysis of variance (ANOVA), followed by Tukey's HSD test, was performed to reveal significant differences in mycorrhizal and photosynthetic parameters, the mass of shoots and roots, and the concentrations of elements and secondary metabolites in plants across all treatments. Prior to the analysis, the distribution normality was verified using the Lilliefors test. Levene's test was performed to assess the equality of variances.
The correlations between mycorrhizal parameters and the mass of shoots and roots, photosynthetic parameters, the concentrations of elements and secondary metabolites, and the relationships between the concentrations of elements and secondary metabolites were tested with Pearson's correlation coefficients. In the case of significant correlations (p <0.05), the combined effects of AMF colonization parameters (F, M, m, A, a), the type of AMF inoculum treatments, and dry mass of shoots, as well as the interaction between them on particular element and secondary metabolite concentrations, were analyzed in separate analyses of co-variance (ANCOVA). AMF colonization parameters and types of AMF inocula treatments were considered as fixed factors and constituted the main effects in all analyses. The mass of shoots was used as a covariate. Initially we tested all interactions between covariate and independent variables with interaction regression models to verify the assumption of homogeneity of regression slopes required by ANCOVA. In the case of significant interaction the results were appropriately interpreted. Type I sums of squares (SS) were used to calculate the F value and to determine the significance of AMF colonization parameters and type of treatment on the concentration of each element and secondary metabolite. The analyses were carried out using STATISTICA v10 (StatSoft).
Results
AMF colonization
The roots of all inoculated plants were colonized by AMF mycelia. No AMF mycelia were detected in the roots of the control treatment. No other fungi were found in the investigated material. There were no statistically significant differences in mycorrhizal frequency (F) and relative mycorrhizal root length (M) between all tested inocula. In the case of absolute mycorrhizal root length (m), relative arbuscular richness (A) and absolute arbuscular richness (a), the parameter values were significantly higher in F. mosseae and R. irregularis treatments compared to the application of the inoculum composed of both isolates (Fig. 1) .
Viola tricolor growth response and photosynthetic vitality
There were no visual differences in the condition of the plants from all treatments during the whole period of the experiment. Two months after the experiment setup, the individuals of V. tricolor started flowering in all treatments. There were no statistically significant differences in V. tricolor shoot and root dry mass between all treatments (Table 1) . Nevertheless, in general, a significant negative correlation was found between the mass of shoots and mycorrhizal frequency (F), relative mycorrhizal root length (M) and absolute mycorrhizal root length (m) ( Table 2 ).
The applied AMF had no effect on V. tricolor photosynthetic performance as expressed in PI ABS (Fig. 2) .
Element concentrations in roots and shoots
The plants inoculated with R. irregularis showed significantly higher concentrations of P, Zn, Mg and Ca in shoots and P in roots compared to control ones. Dual AMF species inoculation enhanced the concentration of Cu in whole plants and Mg in roots. Funneliformis mosseae did not influence element concentrations in plants (Fig. 3) . In the cases of N, K, Fe and Na, no effects of AMF inoculation were found (data not presented). The results showed a significant positive correlation between mycorrhizal parameters and the Bars not connected with the same letter indicate statistically significant differences (p<0.05) concentrations of P, Ca, Cu, Zn, and Mg in shoots and P, Cu, and Mg in roots (Table 2 ).
Phenolic acid concentrations in shoots
The plants inoculated with R. irregularis were characterized by a significantly higher concentration of phydroxybenzoic acid in comparison to control (Fig. 4) . In the case of the 10 remaining phenolic acids, no statistically significant differences were detected between the treatments (data not shown).
A significant positive relationship between absolute mycorrhizal root length (m) and the concentration of phydroxybenzoic acid was observed (Table 2 ). There was also a significant positive correlation between the concentrations of this metabolite and Cu in roots as well as Mg in shoots (Table 3) .
Flavonoid concentrations in shoots
Viola tricolor inoculated with R. irregularis and dual AMF species inoculum was characterized by a significantly higher concentration of rutin in comparison to control. AMF inoculation had no effect on the concentration of vitexin (Fig. 5) .
A significant positive correlation between mycorrhizal frequency (F) and the concentration of rutin was recorded (Table 2 ). There was also a positive relationship between the concentrations of this metabolite and P and Cu in shoots as well as Cu and Mg in roots. As well, a significant positive correlation between the concentrations of vitexin and Cu in shoots was found (Table 3) .
Effect of mycorrhizal colonization on the concentrations of elements and secondary metabolites All AMF colonization parameters affected the concentrations of certain elements and secondary metabolites (Table 4 ). In most cases we recorded the strongest impact of the presence of AMF (colonization parameters) on the model, regardless of inoculum type. The type of AMF treatment and shoot mass added little information to the model once AMF colonization parameters had been incorporated. An exception was found in the case of P concentration in roots, where shoot mass had an impact on the model comparable to that of mycorrhizal frequency (F). Moreover, the type of AMF treatment had a significant effect on the concentrations of Ca, Zn and Mg in shoots, and Mg in roots ( Table 4) .
We found no significant interactions between shoot dry mass (covariate) and independent variables in relation to the concentrations of elements. However, significant interaction of mycorrhizal frequency and shoot mass was found for rutin, thus failing to meet the assumption of ANCOVA (F = 15.70; p =0.011). This means that the effect of mycorrhizal frequency on the production of rutin varied according to plant mass. In contrast, the increase of the concentration of phydroxybenzoic acid was unrelated to the effect of plant size. ANCOVA also showed a significant effect of the interaction between mycorrhizal frequency, relative and absolute mycorrhizal root length and the type of AMF inocula on the concentration of Ca in shoots (Table 4) . This reflects the significant increase in Ca concentration in shoots under the R. irregularis treatment (Fig. 3) .
Discussion
We report here for the first time the impact of AMF on the production of phenolic acids and flavonoids in V. tricolor, a plant species with reputed medicinal value. This is also the first report on the influence of AMF on the concentrations of two important biologically active compounds, p-hydroxybenzoic acid and rutin, in plants.
We found differences in the response of heartsease to the applied fungi. Rhizophagus irregularis was more effective in the improvement of V. tricolor element concentrations in shoots and roots as well as in the enhancement of p-hydroxybenzoic acid and rutin accumulation in aerial parts. Recent investigations have revealed that various AMF species/strains may induce different changes in the production of secondary metabolites in the same plant species, or even its genotypes (Copetta et al. 2006; Kapoor et al. 2002a, b; Khaosaad et al. 2006; Larose et al. 2002; Toussaint et al. 2007 ; No statistically significant differences were found between treatments (p>0.05) Zubek et al. 2010 Zubek et al. , 2012b . For example, AMF species specificity in terms of impact on phenolic acid concentration was demonstrated in Ocimum basilicum shoots ). The authors found that Funneliformis caledonium increased rosmarinic and caffeic acid production, whereas F. mosseae (strain NBR1-2) enhanced only the latter. Differring reactions of a host plant to inoculation with various AMF were also observed in the case of flavonoids. Larose et al. (2002) found that three tested AMF, F. mosseae (BEG12), R. irregularis (DAOM197198), and Gigaspora rosea, differently influenced the production of several flavonoids in Medicago sativa roots. Viola tricolor was nonresponsive to F. mosseae in terms of all physiological and biophysical parameters measured. In a study by Toussaint et al. (2008) , no significant differences in P, caffeic and rosmarinic acid, or essential oil concentrations were found in basil shoots inoculated with F. mosseae (BEG12). However, the AM plants were characterized by higher production of rosmarinic acid in roots and increased shoot and root dry weights in comparison to the nonmycorrhizal control. Our observations are contrary to these revealed by Treseder (2013) who found that species of the Funneliformis genus, in general, are the most effective in plant mass augmentation. Moreover, in another study by Toussaint et al. (2007) , even a relatively low level of colonization by F. mosseae (NBR1-2) had a considerable effect on Ocimum basilicum physiology (increased caffeic acid content in shoots).
The application of the inoculum of combined AMF species increased the concentrations of selected elements and secondary metabolites in heartsease, although the effects were not as pronounced as in the case of R. irregularis alone. This could be simply because of the lower intensity of mycorrhizal colonization and arbuscule formation in the case of the dual inoculation. In addition, F. mosseae might be more effective in root colonization than R. irregularis and thus the effect of the latter was weakened in comparison to single-species treatment. Another isolate of F. mosseae (BEG161) was found to be a rapid and dominant root colonizer compared with Rhizophagus intraradices and Claroideoglomus claroideum used in the experiment (Jansa et al. 2008) . In a study by Janoušková et al. (2009) , dual inoculation with R. intraradices and C. claroideum did not result in any additional benefit to host plants in comparison with single inoculations. Moreover, plant growth depression caused by C. claroideum also persisted in the mixed treatment. In 136 Plant Soil (2015) 390:129-142 Fig. 3 Concentrations of phosphorus, zinc, magnesium, copper and calcium in Viola tricolor shoots and roots (milligrams per kilogram of dry weight; mean ± SD; N=5). Bars not connected with the same letter indicate statistically significant differences (p<0.05) contrast, Jansa et al. (2008) found that leek colonized by a mixture of R. intraradices and C. claroideum acquired more P than with either of the two isolates separately. Similar functional complementarity between R. intraradices and F. mosseae in the enhancement of phenolic contents of Cynara cardunculus var. scolymus was shown by Ceccarelli et al. (2010) . However, we do not know the extent to which the two fungi used in our study colonized V. tricolor. This remains to be investigated using quantitative molecular tools. It should be emphasized that F. mosseae is one of the most widespread AMF in arable soils in Europe (Oehl et al. 2003 (Oehl et al. , 2004 Vestberg et al. 2005) , and has also been found to be a dominant species in the agricultural systems of medicinal plants in Poland, including the areas where V. tricolor is cultivated (Zubek et al. 2012c (Zubek et al. , 2013 . With that in mind, our observation from this study suggests the need for V. tricolor inoculation with more effective AMF species/strains during its agricultural production.
Changes in plant secondary metabolite concentrations of AM plants may be (1) due to enhanced mineral nutrition, and/or (2) a result of plant reaction to fungal colonization (Ceccarelli et al. 2010; Copetta et al. 2006; Fontana et al. 2009; Kapoor et al. 2007; Mandal et al. 2013; Toussaint 2007; Toussaint et al. 2007; Sbrana et al. 2014 ). Both of these mechanisms are possible explanations for the impact of AMF on the production of phenolic acids and flavonoids in V. tricolor in our study.
First, significant positive correlations were found between mycorrhizal parameters and element concentrations in shoots and roots of V. tricolor. A likely mechanism for this relationship is increased transfer of P and other nutrients through more abundant mycorrhizal structures (Smith and Read 2008; Treseder 2013) . Consequently, the higher nutrient availability in AM plants might have contributed to the production of both Fig. 4 Concentration of p-hydroxybenzoic acid in Viola tricolor shoots (milligrams per gram of dry weight; mean ± SD; N=5). Bars not connected with the same letter indicate statistically significant differences (p<0.05) Bold numbers indicate significant effects. F Mycorrhizal frequency, M Relative mycorrhizal root length, m Absolute mycorrhizal root length, A Relative arbuscular richness, a Absolute arbuscular richness, SM Shoot dry mass, TI Types of AMF inocula treatments, df Degrees of freedom amino acids that are the precursors of phenolic compounds and enzymes involved in the synthesis of this group of chemicals ). The parallel increase in element and secondary metabolite concentrations in the R. irregularis treatment, along with the absence of significant effects of F. mosseae, seem to support this possibility. However, in the case of better plant nutrition, we could also expect a rise in V. tricolor mass. Nevertheless, generally a significant negative relationship was found between the extent of mycorrhizal colonization and plant growth. Such a trend of biomass decline in mycorrhizal plants is usually explained by carbon drain for the maintenance of AM symbiosis (Smith and Read 2008) . If the outflow of photosynthates to fungi is greater than the increase in productivity due to better plant nutrition, there may be a net decrease in carbon supply, leading to a decline in biomass (Fontana et al. 2009 ). However, in the case of limited carbon availability for plant growth, secondary metabolites should consequently not be produced in higher amounts. The parallel tendency of increased production of phenolic compounds and decrease in heartsease mass found in our study is thus difficult to explain exclusively in terms of better plant mineral nutrition mediated by AMF. A second possible mechanism of AMF influence on plant secondary metabolism is not related to host nutritional status. The formation of AM symbiosis is characterized by chemical cross-talk mediated by changes in gene expressions and production of molecular signals both in plants and fungi. Altered gene expressions in hosts as a result of AMF colonization influence their metabolism and lead to the induction of chemical defense (Volpin et al. 1994; Fontana et al. 2009; Cameron et al. 2013) . It was found that roots colonized by AMF had increased levels of transcripts encoding phenylalanine ammonia lyase (PAL) and chalcone synthase (CHS) (Blilou et al. 2000; Bonanomi et al. 2001 ). In the phenyl propanoid pathway, PAL is involved in the synthesis of a variety of phenolic compounds (MacDonald and D'Cunha 2007), whereas CHS is the key enzyme involved in flavonoid biosynthesis (Austin and Noel 2003) . Since phenolic compounds are produced in plants as, inter alia, defense metabolites, the increased concentrations of these chemicals in V. tricolor in our experiment might be explained by this mechanism. In this case, the enhanced production of secondary compounds induced by R. irregularis and the absence of significant effects of F. mosseae, together with the similar levels of root colonization by these species, could suggest that a plant defense reaction to AMF colonization depends on fungal genotype. The tendency towards biomass decrease in AM treatments could be explained in this case by the allocation of plant carbon not only to the maintenance of the fungal symbiont but also to the enhanced production of secondary metabolites (Fontana et al. 2009 ).
In our study, we did not find higher concentrations of salicylic acid (SA) in the shoots of V. tricolor inoculated with AMF. This compound is involved in systemic signaling, mediating in plant defense against pathogens. A temporary increase in SA levels and the activation of a SA-dependent signaling pathway was found in roots in the early stages of AM development. These responses are then suppressed once the compatibility between the symbiotic partners is recognized (Garcia-Garrido and Ocampo 2002; Fontana et al. 2009; Cameron et al. 2013) . Additionally, the accumulation of SA was correlated with an increase in the expression of genes encoding PAL and the accumulation of phenolic compounds in mycorrhizal roots (Blilou et al. 2000; GarciaGarrido and Ocampo 2002; Zhang et al. 2013 ). However, there is no evidence yet that AMF enhance the accumulation of SA in shoots (Martínez-Medina et al. 2011) . The AMF treatments in our research did not also differ from control in terms of plants' vitality as expressed by photosynthetic performance index (PI). Therefore, since we harvested plants three months after AMF inoculation, the probable stress reaction of V. tricolor to fungal colonization, that might have been manifested in higher levels of SA and lower values of PI in mycorrhizal treatments, could not be as pronounced at this stage of plant-AMF association. Furthermore, changes in SA concentration might have occurred only in roots, activating the signaling pathways leading to the production of phenolic compounds in shoots. In order to confirm these possible mechanisms, further studies are needed. Such studies should include investigations in the levels of stress-related phytohormones and the activation of key enzymes involved in metabolic pathways leading to the production of the secondary metabolites in question at different symbiotic stages.
In our experiment, the plants in the control treatment were not provided with AMF-associated microbiota by using a filtrate of AMF inoculum. Since reports suggest that these microorganisms may influence the performance of plants (Cruz and Ishii 2011; Cruz et al. 2008; Cameron et al. 2013) , the observed responses of heartsease in mycorrhizal treatments could be affected by these microbiota.
In conclusion, AMF species specificities were observed in terms of their influence on concentrations of selected elements, phenolic acids and flavonoids in heartsease. The inoculation of V. tricolor with R. irregularis was the most effective. The application of this strain in the cultivation of heartsease can thus improve the quality of shoots harvested for pharmaceutical purposes. The enhanced production of secondary metabolites in V. tricolor may be due to improvement in mineral nutrition by AMF and/or a result of plant's systemic defense reaction to fungal colonization. We also found that the effect of mycorrhizal colonization frequency on the production of rutin varied according to plant mass. Smaller plants were characterized by higher concentrations of this metabolite. Further field experiments are thus needed to determine whether the yield of rutin harvested per unit of growing area would be higher for inoculated plants, which tended to be smaller in our experimental conditions, than noninoculated ones. Nevertheless, it is important for pharmaceutical purposes to produce herbal materials meeting a high standard, namely with increased contents of elements and secondary metabolites per unit mass of herbal product for direct use.
